The Positive Channel Two Input Two Output (PCTITO) converter is a third order MIMO DC-to-DC unidirectional and non-isolated switching converter that is derived from the non-inverting buck-boost converter. Negative and Dual Channel TITO converters are also presented. In steady state one of the PCTITO outputs is positive while the other is negative. Although the outputs could be regulated to provide different absolute values, an interesting application of the new converters is to provide symmetrical outputs (i.e., 15 V) to supply balanced loads. Since the absolute value of the outputs could be greater or smaller than the input voltage, the PCTITO converter will be suitable for present 14 V (from 9 to 16 V) or for future 42 V (from 30 to 50 V) automotive voltage distribution buses. To regulate the outputs, two inphase equal-switching frequency PWM-based multivariable control loops have been designed. The closed-loop system must provide low audiosusceptibility and good line and load regulation at both outputs. In addition, the common mode voltage between the two outputs that could appear in unbalanced load operation has to be minimized. With these general guidelines, several control parameter adjustments have been considered, validated using an averaged model of the system, and tested by simulation.
Introduction
The automotive industry is experiencing an electronic revolution. To provide efficiently enough electric power to supply the increasing number of electric and electronic loads that cars are going to incorporate, car manufacturers are considering to substitute the actual 14 V alternator-12 V battery set. In the short term, one of the solutions the automotive industry is going to adopt considers to raise the DC nominal voltage of the system (42 V PowerNet). According to ISO/CD 21848 draft [1] discussed in SAE2002 Congress, the supply voltage range for 42 V system devices will be very wide [30 V, 48 V] .
In this context, as it happens in current vehicles, there will be loads that require to be supplied by symmetrical voltages like ¡ 15 V. There are a large number of solutions, even commercially available, that could provide multiple outputs and that could be configured for symmetrical voltages. Some solutions use several stages [2] , while others use two separate (isolated or non-isolated) regulators. Other solutions are dual channel and require two unregulated symmetrical input voltages [3] . When the loads are also symmetrical, like in the power supply of some class AB or class D audio amplifiers [4] , the Positive Channel Two Input Two Output (PCTITO) unidirectional regulator of Fig.1 could be an interesting solution for automotive 42 V applications in which isolation among input and outputs is not required. The PCTITO regulator is a third order MIMO (Multiple Input Multiple Output) non-isolated dc-dc switching converter that can be derived form a noninverting buck-boost converter [5] . In fact, instead of connecting the ground node to the middle output point (M node), if the ground is connected to the bottom (B) node, and switches are simultaneously activated, the converter structure is identical to the non-inverting buck-boost. On the other hand, if the ground node is connected to the top node (T) instead of node M, switch B is superfluous and the system struc-ture becomes a buck-boost cell. 2 shows the Dual Channel TITO (DCTITO), a third order converter that presents a structure very similar to the five order dual channel resonant buck-boost converter presented in [3] being, in fact, a dual channel buck-boost converter. If the positive input of the DCTITO is made zero, the Negative Channel NCTITO will be obtained. In al the TITO converters (DC, PC and NC) there are Two control Inputs (S A , S B ) and Two voltage Outputs (v P , v N ).
The application of different control laws to the two MOSFET of the TITO structures will permit, in principle, to regulate independently the converter output voltages, one positive and one negative, to obtain absolute values greater (step-up) or smaller (step-down) than the input (or inputs).
In Section 2, the PCTITO circuit is analyzed using an averaged model of the switches (MOSFETs and diodes). A general control strategy is proposed in Section 3, where several adjustment procedures of the control coefficients are studied by means of simulations. Finally, some conclusions and proposals for future works are presented.
Time-Averaged Circuit in Open Loop
Substituting the converter MOSFETs and diodes by their time-averaged models in the form of controlled sources permits to obtain the time-averaged equivalent circuit model [6] of the PCTITO converter shown in Fig. 3 , where d A and d B are the duty cycles of S A and S B , respectively. The current i and the voltages v P and v N are the time-averaged state variables of the circuit. Note that v N has been defined to be positive.
Considering ideal components (without losses, ideal switches), the averaged system can be described by the following equations in matrix form:
where
and Let us assume that, around equilibrium, the averaged system variables are constituted of a steady-state part plus a small-signal component in the form 
Since 0 D A 1 and 0 D B 1, all three steady-state values are positive, and equal (symmetrical) output voltages can be provided. Considering equal loads (R P =R N =R), the expressions of the steady-state output voltages become independent of load R. In this case, controlling both switches with the same duty-cycle (D A =D B =D) results in equal steady-state output voltages.
In symmetrical operation, the sum of V P and V N of (6) yields the same result of the single-output non-inverting buck-boost of ( [5] ) as expected. In the general case, since no losses have been considered, combining (5) and (7) it can be seen that the steady-state input power is equal to the power delivered to the resistive loads.
Defining the enlarged small signal input vector of (8) the time-averaged system can be linearized around its equilibrium point as in (9)- (12).
with the following dimensionless parameters
Previous expressions could be easily simplified assuming equal loads R P =R N =R. Further reasonable simplification considers equal output capacitors (C P =C N =C).
Control Strategies
From the small signal equations at the end of previous section, it is possible to obtain different transfer functions in the Laplace domain that could be used to design small signal control strategies.
The intended PCTITO application is to provide an automotive symmetrical power supply. EMC automotive directives make desirable that both switches operate at the same switching frequency, therefore a pulse width modulation (PWM) based control scheme is preferred. However sliding mode or other hysteretic based schemes are also easily applicable.
Considering the wide margin and possible noise at the input voltage (42 V PowerNet) of the converter, line regulation and audiosusceptibility become important aspects to be taken into account in the control design which, in principle, will have a common voltage reference for both outputs. In addition, although the nominal operation considers balanced operation (symmetrical output voltages and equal loads), the converter must be able to operate to some extent in unbalanced load modes, therefore load regulation at both outputs will have to be taken into account. Finally, related with all the previous subjects, cross regulation effects are also important. Probably, for supplying high quality symmetrical output voltages, the common mode voltage of the outputs has to be kept as small as possible in the case of input voltage and/or load changes.
A general view of the system, that includes the PCTITO converter and the block diagram of a multivariable PWM control scheme, is depicted in Fig 4. The control circuit will provide two pulse width modulated digital control signals S A and S B . The right bottom box in the figure corresponds to the two required PWM modulators. The figure shows a simplified version of them that omits RS flip-flops normally used to prevent multiple commutations in one cycle. A leading-edge sawtooth signal with the desired amplitude and frequency is used to generate both control signals by comparing it with the corresponding control law signals. The use of a common sawtooth signal will cause simultaneous switch-on of both MOSFETS. Zero and unity duty cycles are not allowed, they are avoided by limiting the signals entering the PWM comparison blocks between 5% and 95% of the sawtooth signal amplitude (usually normalized to unity).
The multivariable control strategies that have been considered are symmetrical in structure. Since buck-boost structures have been shown to exhibit right halfplane zeroes, it is expected that the inclusion of the inductor current in the control law will improve the stability margins.
The duty cycles of the switches in the open loop system description of (1)-(3) have to be substituted by the general expressions for d A and d B shown in (13). 
where PI P and PI N are the outputs of two proportional-integral blocks of the Positive and Negative error voltages with respect to a common reference V R , respectively. K IA and K IB are respectively the coefficients of the inductor current feedback for switches A and B (peak current mode control). Accordingly, K VAP and K V BP are the A and B coefficients for the PI P voltage term, and K VAN and K V BN the corresponding coefficients for the PI N contribution. Fig. 4 shows that two PI blocks with time constants T V P and T V N have been considered.
Since ie P and ie N in (14) are the integrals of the corresponding error voltages die P and die N , the dimension of the closed-loop system has been enlarged up to five. In this case ie P and ie N are two additional state variables that have to be added to the previous ones: i, v P and v N . The closed-loop state variable vector is (15). After linearizing the system, the A L and B L matrices of the closed loop system description in the form of (9) could be obtained again but they are too large to be included here.
It has to be pointed out that, in order to get information about the closedloop system response to load perturbations, the equations of the output voltage derivatives have been modified to include two small signal current sources. Each one of the new inputs is connected in parallel with the corresponding resistive load. Theû vector for the closed loop system is (16). Also the open loop duty cycles are no more inputs to the system and should be replaced by the voltage reference which has been assumed to be the same for both output voltages
The steady-state closed loop equilibrium point for the converter variables will be
There are eight control coefficients and the integrals of the error voltages in closed-loop depend on them in a complex form, therefore the corresponding expressions have been omitted. Instead, it is more useful to include the steady-state values for the duty cycles, D A and D B , of both switches (18). Both duty cycles are equal if the loads are balanced. For unbalanced loads, although D A is always between zero and one, D B could become negative for certain values of the voltage reference smaller than the input voltage if R P is also smaller than R N . In practice, this will imply that the control for S B could be saturated and that, depending on the mentioned parameters, the system with unbalanced loads could not always be regulated as desired. This also suggests that a worst case for checking the effect of load perturbations could be found for R N larger than R P
Design example
In order to verify the theoretical analysis, an example with several control possibilities has been designed. The nominal converter parameters have been determined as follows:
An input voltage of V g =42 V accordingly to the PowerNet specifications. Arbitrarily, an output voltage reference of V R =15 V has been fixed. The nominal output power will be 150 W, which implies an average input current of about 3.6 A and, in balanced load operation, R P =R N =3 Ω. Steady-state duty-cycles (18) are about 41.7%. With a switching frequency of 50 kHz (T=20 µs), L ¢ 40 µH and considering simultaneous turn-on of the MOSFETS, the inductor peak-to-peak current ripple will be 8.75 A over a mean value (17) of about 8.6 A . Since the peak-to-peak ripple is smaller than 200% of the mean value, the inductor continuous conduction mode operation (CCM) is ensured. Taking C P =C N ¢ 500µF, the voltage ripple will be about 83 mV in each capacitor (166 mV over the 30 V sum of V P and V N , 0.55%).
Once the plant parameters have been chosen, we have to determine the values of the control coefficients. First, assuming nominal operation, we can consider that the contribution of the voltage terms in the control loop is much slower than the inductor current contribution. We will choose the K IA and K IB coefficients to ensure that the slope of the current contribution to the control signal during the off MOSFET conduction subinterval (m 2 ) is approximately equal to the slope of the sawtooth signal m a (compensating ramp criteria to provide deadbeat control behaviour and to avoid subharmonics, see chapter 12 of [5] . In our case, the slope of the compensating ramp is m a =50 V/ms and K IA = K IB = 80 mV/A, which gives a slope of about 60 V/ms for the current contribution (maximum current slope 2 (Fig.4) . (d) reference change from 15 V to 18 V. Fig. 6 shows the ripple amplitude for different operating points. In the 2 to 3 ms interval the ripples are in agreement with the expected 83 mVpp in each output for nominal operation. A detailed exploration of the interval (not shown) reveals that both output ripple waveforms are in phase and exhibit a peak-to-peak ripple of 83.4 mV. In the interval 3 ms-5 ms, the step change in the input voltage from 42 V to 30 V at 3 ms causes an undershoot of about 150 mV in both v P and v N . The duration of the transient is about 600 µs, which is consistent with the dominant poles (2 4 times the time constant). The ripple amplitude in steady state is about 100 mV. The duration of the transients caused by the +1 A step change at 5 ms (c) is slightly shorter than the corresponding duration at (b). The main effect of the change is that the load becomes unbalanced and this causes the increase of the common mode voltage as it can be seen in Fig. 7 . The unbalance in the loads breaks the symmetry observed in the transients. 
Conclusions and Future Works
The PCTITO is a two-input two-output DC-DC switching converter that has been controlled to provide two symmetrical outputs from a positive input voltage in the 42 V PowerNet automotive standard range (30 -50 V). Although the main results have been obtained by means of computer simulations, some theoretical analyses have been performed. The system has been modelled in open loop. Steady-state expressions for the state variables and a small signal time-domain averaged model have been presented. A general full state feedback control strategy yields a system with symmetrical output voltages with excellent line and load regulation. Good audiosusceptibility and acceptable response to load changes are also obtained for two different sets of control coefficients. With balanced loads, the common mode voltage is completely eliminated and kept very small for unbalanced loads.
Future studies will address some theoretical aspects like the justification of the control parameters adjustment. Experimental verification will be also carried out.
